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Abstract
There exist model calculations showing the modification of the hadronic param-
eters of ρ meson in the nuclear environment. From these parameters, we extract
the ρ meson nucleus optical potential and show the medium effect due to this po-
tential on the ρ meson mass distribution spectra in the photonuclear reaction. The
calculated results reproduced reasonably the measured e+e− invariant mass, i.e., ρ
meson mass, distribution spectra in the (γ, ρ0 → e+e−) reaction on nuclei.
Keywords: ρ meson photoproduction, ρ meson nucleus interaction, in-medium prop-
erties
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1 Introduction
The medium modification of the vector meson is a topic of intense interest in nuclear
physics [1]. First indication of the ρ meson modification was seen in the ultra-relativistic
heavy ion collision data taken at CERN-SPS [2]. Recent past, STAR experiment at RHIC-
BNL [3] found that the decrease in the mass of ρ meson emitted from Au+Au collision
is ∼ 70 MeV. Contrast to this, the upgraded CERES experiment [4] and the dimuon
measurements in NA60 experiment at CERN [5] reported significant broadening (without
mass-shift) in the ρ meson mass distribution spectrum.
It is advantageous to search the in-medium properties of vector meson in the normal
nucleus over those in the ultra-relativistic heavy-ion collision, since the interpretations of
results can be made more judiciously in the previous case where as those in the latter
case are very difficult. The model calculations, e.g., scaling hypothesis due to Brown
and Rho [6], QCD sum rule due to Hatsuda and Lee [7], vector meson dominance due to
Asakawa et al. [8], ..... etc, envisage the reduction of vector meson mass in the nucleus.
Boreskov et al., [9] described the broadening of hadronic resonance in the nuclear medium.
Using intranuclear cascade (INC) approach, Golubeva et al., [10] studied the medium
modification of vector meson in the pion nucleus reaction. In another calculation, Kundu
1Electronic address: swapand@barc.gov.in
1
et al., [11] showed strong medium effect on the ρ meson in heavy-ion scattering in GeV
region. The nuclear medium effect on the vector meson is predicted to be large enough
to be observed it in the photon and hadron induced nuclear reactions [12, 13, 14].
Experimentally too, the medium modification of vector meson produced in the lepton
and hadron induced nuclear reactions had been reported from various laboratories. The
e+e− yield in p+A reaction at 12 GeV (measured by KEK-PS E325 collaboration at
KEK [15]) is reproduced by the mass reduction of vector meson in the nucleus. The ρ
meson production experiment in the (γ, π+π−) reaction on the nucleus, done by TAGX
collaboration [16], reported the modification of this meson produced in the nucleus. The
measurements on the nuclear transparency ratio [17] showed large in-medium width of
the ω and φ mesons. The in-medium renormalization (i.e., collision broadening) of the
ω meson was also seen in the near-threshold photoproduction of this meson [18]. No
mass-shift but significant broadening of the ρ meson in the photonuclear reaction has
been reported by CLAS collaboration [19]. This meson was probed by its decay product
e+e− in the momentum range 0.8 to 3.0 GeV/c, and it was produced in the nucleus by
0.61 − 3.82 GeV tagged photon beam at Jefferson Laboratory. The experimental results
on this topic, as reported by various collaborations, are tabulated in Ref. [20].
We consider e+e− emission in the photonuclear reaction (quoted above [19]) arising
due to the elementary reaction in the nucleus: γN → ρ0N ; ρ0 → e+e−. The ρ meson
photoproduction is described by the measured reaction amplitude fγN→ρN . The modi-
fication of this meson occurs due to its interaction with the nucleus. In Ref. [21], we
developed this interaction or potential using “t̺” approximation, and used it to calculate
the ρ meson mass, i.e., e+e− invariant mass, distribution spectra in the (γ, ρ0 → e+e−)
reaction on nuclei. The ρ meson potential can also be extracted from its mass-shift and
collision broadening in the nucleus. Using the latter potential, we calculate the ρ meson
mass distribution spectra in the above reaction and present them along with the data
reported from Jefferson Laboratory [19].
2 Formalism
The differential cross section of the ρ meson mass m distribution in the (γ, ρ0 → e+e−)
reaction on a nucleus [21] can be written as
dσ(Eγ)
dm
=
∫
dΩρKFΓρ0→e+e−(m)|F (kγ,kρ)|
2, (1)
where KF denotes the kinematical factor of the reaction: KF =
3pi
(2pi)4
k2ρEA′m
2
Eγ |kρEi−kγ ·kˆρEρ|
; with
kρ = ke++ke−. Ei is the total energy in the initial state. Eρ and EA′ are the energy of the
ρ meson and recoil nucleus respectively. Γρ0→e+e−(m) stands for the width of the ρ meson
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of mass m decaying at rest into dilepton: Γρ0→e+e−(m) ≃ 8.8 × 10
−6m [22]. F (kγ,kρ)
describes the photoproduction and propagation of the ρ meson in the nucleus, i.e.,
F (kγ,kρ) =
∫
drΠγA→ρA(r)e
i(kγ−kρ).r
∫ ∞
z
dz′Dkρ(m;b, z
′, z). (2)
Dkρ(m;b, z
′, z) in this equation carries the information about the in-medium properties
of ρ meson as it appears in the ρ meson propagator, see below.
The propagation of the ρ meson from its production point r to its decay point r′
can be expressed as (−gµµ′ +
1
m2
kµρkρ,µ′)Gρ(m; r
′ − r) [21]. Since the kinetic energy of
this meson (of momentum 0.8 to 3.0 GeV/c) is much larger than its potential energy,
this meson emits dominantly in the forward direction [21]. We, therefore, represent the
scalar part of the in-medium ρ meson propagator Gρ(m; r
′ − r) by the eikonal form, i.e.,
Gρ(m; r
′ − r) = δ(b′ − b)Θ(z′ − z)eikρ·(r
′−r)Dkρ(m;b, z
′, z) [21], where Dkρ(m;b, z
′, z) is
given by
Dkρ(m;b, z
′, z) = −
i
2kρ‖
exp
[
i
2kρ‖
∫ z′
z
dz′′{G˜−10ρ (m)− 2EρVOρ(b, z
′′)}
]
. (3)
VOρ(b, z
′′) is the ρ meson nucleus optical potential which can modify the hadronic pa-
rameters of this meson during its passage through the nucleus. G˜0ρ(m) denotes the free
space ρ meson propagator: G˜−10ρ (m) = m
2−m2ρ+ imρΓρ(m), where mρ is the pole mass of
this meson. In fact, the above form of the in-medium propagator was used to study the
medium effects on the vector meson produced in the nuclear reactions [10, 11].
ΠγA→ρA(r) in Eq. (2) represents the generalized optical potential or self-energy of the
ρ meson which describes its production in the photonuclear reaction [21, 23]:
ΠγA→ρA(r) = −4πEρ
[
1
E˜ρ
+
1
E˜N
]
f˜γN→ρN (0)̺(r), (4)
where ̺(r) denotes the spatial density distribution of the nucleus. This distribution is
described by two parameter Fermi distribution function for all considered nuclei except
12C, for which it is represented by the harmonic oscillator gaussian distribution [21, 24].
f˜γN→ρN(0) is the amplitude of the γN → ρN reaction. Its magnitude square, which
appears in Eq. (1), can be extracted directly from the measured differential cross section
[25]: dσ
dt
(γN → ρN)|t=0 ≃
pi
k˜2γ
|f˜γN→ρN |
2. The symbol tilde on the quantities represents
those in the ρN c.m. system of energy equal to that in the γN c.m. system.
Eq. (1) can be used to estimate the differential cross section of the ρ0(→ e+e−) meson
mass distribution due to fixed γ beam energy Eγ . But the ρ meson, as mentioned earlier,
was produced by the tagged photon beam [19] whose profile (illustrated in Ref. [26])
can be divided into 6 energy bins. Therefore, the cross section can be expressed as
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dσ
dm
=
∑6
i=1W (Eγ,i)
dσ(Eγ,i)
dm
, where dσ(Eγ,i)/dm is given by Eq. (1). Eγ,i consists of six
bins of photon energies, Eγ,i (GeV) = 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 with relative weights
W (Eγ,i) of 13.7%, 23.5%, 19.3%, 20.1%, 12.6% and 10.9% respectively [26].
3 Results and Discussion
The optical potential of the ρ meson can be extracted from its modified mass ∆m and
width ∆Γ in the nucleus [12]. The latter, i.e., ∆Γ, due to its mass modification can be
neglected in compare to its collision broadening [13]. The ρ meson optical potential is
related to its mass and width [11, 27] as
∆m(r) = m∗(r)−m = γL
Eρ
m
ReVOρ(r); ∆Γ(r) = Γ
∗(r)− Γ = −γL
2Eρ
m
ImVOρ(r), (5)
where γL is the associated Lorentz factor [28]. m and Γ are the mass and width of the
ρ meson in free space. The asterisk stands for the in-medium quantities. In fact, these
relations are described for the pole mass of the ρ meson. We assume they do not vary
with the mass of this meson.
The QCD sum rule calculation due to Hatsuda and Lee [7] have predicted the linear
variation of m∗(r) with the nuclear density ̺(r). According to them, it is
m∗(r) = m[1 − 0.18̺(r)/̺(0)]. (6)
On the other hand, Asakawa et al., [8] in their vector meson dominance (VMD) model
calculation have shown that m∗(r) varies non-linearly with ̺(r), i.e.,
m∗(r) = m/[1 + 0.25̺(r)/̺(0)]. (7)
The in-medium mass m∗ of the ρ meson, as shown by Kondratuyk et al. [28], increases
with the logarithmic increase in its momentum kρ such that (i) m
∗ ∼ 0.82m at the central
density of the nucleus as kρ → 1 MeV (see Eq. (6)), and (ii) the mass-shift ∆m of this
meson is zero at kρ ≈ 100 MeV/c. Effenberger et al., [12] has incorporated such behavior
by multiplying the function f(kρ) =
(
1− kρ
1 GeV/c
)
with the mass-shift (or the real part
of optical potential) of the ρ meson. Since this form is linear in kρ, it cannot reproduce
kρ dependence of m
∗ as described by Kondratuyk et al., [28]. In addition, this form of
f(kρ) distinctly fails to satisfy the second condition stated above. To overcome these
shortcomings, we propose a new form of f(kρ) which duly satisfies the behavior of m
∗ as
elucidated above in (i) and (ii):
f(kρ) = −
1
2
(
1 + log
kρ
k0ρ
)
; k0ρ = 1 GeV/c. (8)
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The parametric form of the density dependent ρ meson width Γ∗ρ(r), which is well
accord with its dynamically generated width, is given by Weidmann et al. [13] only for
kρ ≤ 1 GeV/c. Nothing about it is interpreted beyond this momentum. According to
them, Γ∗ρ(r) can be expressed as
Γ∗ρ(r) = Γρ[1 + 1.55̺(r)/̺(0)]. (9)
Based on CLAS experimental results reported for kρ = 0.8 − 3.0 GeV/c, the nuclear
density dependence of Γ∗ρ(r) is illustrated by Leupold et al. [1] as
Γ∗ρ(r) = Γρ[1 + ̺(r)/̺(0)]. (10)
The in-medium width Γ∗ρ(r), as worked out in Ref. [28], weakly varies with the ρ meson
momentum.
We extract the ρ meson optical potential from its modified mass and width elucidated
in Eqs. (5) - (10), and use them to calculate the ρ meson mass distribution spectra in the
(γ, ρ0 → e+e−) reaction on nuclei for kρ = 0.8 − 3.0 GeV/c. The calculated spectra due
to ReVOρ(r) evaluated from m
∗ in Eq. (6) do not differ much from those due to ReVOρ(r)
estimated from m∗ in Eq. (7). Hence, we do not present the latter results.
The short-dash curve in Fig. 1 represents the ρ meson mass distribution spectrum for
its free propagation, i.e., VOρ = (0, 0), through
56Fe nucleus. This curve shows that the
peak cross section of the considered reaction is ∼ 0.2 µb/GeV which appears at the ρ
meson mass equal to 740 MeV. The dot-dot-dash curve refers to above spectrum arising
due to the incorporation of the ρ meson optical potential VOρ(∆m), extracted from the
mass-shift ∆m only (see Eqs. (5) and (6)). It shows the cross section due to this potential
is enhanced by a factor of ∼ 1.26 at the peak. In this figure, VOρ(∆m, f(kρ)) illustrates the
inclusion of the ρ meson momentum kρ dependence in VOρ(∆m) as described in Eq. (8).
The dot-dash curve shows that the peak cross section is reduced by a factor of ∼ 1.5
because of this potential. VOρ(∆m, f(kρ),∆Γ) represents the ρ meson optical potential
extracted from the momentum dependent mass-shift and collision broadening (discussed
in Eqs. (5) - (10)). Because of this potential, the calculated cross section (shown by the
solid curve) is reduced further by a factor of 1.11 at the peak. This figure also shows that
the peak cross section due to the latter potential is reduced by 1.3 in compare to that
(short-dash curve) obtained because of the non-interacting ρ meson propagation through
the nucleus.
The modification of the ρ meson parameters in the nuclear reaction can occur because
of its interaction with the nucleus, i.e., VOρ in Eq. (5). Therefore, the calculated results
with and without this potential can illustrate the medium modification of this meson in the
considered reaction, i.e., (γ, ρ0 → e+e−) reaction on nuclei. The solid and dashed curves
in Fig. 2 represent the calculated ρ meson mass distribution spectra with and without
5
VOρ respectively. It elucidates the broadening in the ρ meson mass distribution spectrum
occurring (more distinctly in heavy nucleus) due to VOρ, without significant peak-shift
(within 10 MeV). In Fig. 3, we compare the ρ meson mass distribution spectra calculated
for various nuclei. These spectra show insignificant shift of the ρ meson peak-mass but
remarkable enhancement in its width with the size of the nucleus.
The calculated ρ meson mass distribution spectrum for 12C nucleus along with the
data is shown in the upper part of Fig. 4. Those for 48Ti and 56Fe nuclei (combined)
are compared with the data in the lower part of this figure. It shows that the calculated
results are accord with the measured distributions reported from Jefferson laboratory [19].
All results, presented so far, are calculated using the imaginary part of the ρ meson
potential ImVOρ(r) extracted from its in-medium width Γ
∗
ρ(r) given in Eq. (10). To
disentangle the effect of Γ∗ρ(r) in Eq. (9) on the ρ meson mass distribution spectrum in
the considered reaction, we calculate this spectrum using Γ∗ρ(r) in Eq. (9) for
208Pb nucleus
where the medium effect on this meson, as shown in Fig. 2, is the largest. In Fig. 5, this
result (short-long-short dash curve) is compared with the previous (solid curve) calculated
using Γ∗ρ(r) in Eq. (10). This figure shows that the ρ meson mass distribution spectrum
is hardly sensitive to the different forms of Γ∗ρ(r), given in Eqs. (9) and (10).
4 Conclusions
We have calculated the differential cross section for the ρ meson mass distribution in the
(γ, ρ0 → e+e−) reaction on nuclei using the potential extracted from the in-medium pa-
rameters of this meson. The calculated spectra show that the broadening (specifically in
heavy nucleus) without significant peak-shift occurs because of the ρ meson nucleus inter-
action. The calculated spectra reproduce the data reasonably. These results corroborate
qualitatively those obtained due to the potential evaluated using the ρ meson nucleon
scattering parameters [21]. Depending on nucleus, the cross sections in the present case
is about 2.5 to 3.5 times larger than those reported earlier in Ref. [21]. Therefore, it is
very much necessary to obtain the respective absolute normalized data which can be used
to justify the ρ meson potential. Once it is confirmed, the in-medium parameters of ρ
meson can be worked out unambiguously.
5 Acknowledgement
The author thanks the referee for his/her comments which improve the quality of this
work. R. Nasseripour is acknowledged for sending the data for Fe-Ti nuclei.
6
References
[1] S. Leupold, V. Metag and U. Mosel, Int. J. Mod. Phys. E 19, 147 (2010); R. S.
Hayano and T. Hatsuda, Rev. Mod. Phys. 82, 2949 (2010).
[2] Th. Ullrich, (CERES Collaboration), Nucl. Phys. A610, 317c (1996); M. Masera,
(HELIOS-3 Collaboration), Nucl. Phys. A590, 93c (1995); E. Scomparin, (NA50
Collaboration), Nucl. Phys. A610, 331c (1996).
[3] J. Adams et al., Phys. Rev. Lett. 92, 092301 (2004).
[4] D. Adamova´ et al., Phys. Lett. B 666, 425 (2008).
[5] R. Arnaldi et al., Phys. Rev. Lett. 96, 162302 (2006); Eur. Phys. J. C 49, 235
(2007); S. Damjanovic et al., Nucl. Phys. A 783, 327c (2007).
[6] G. E. Brown and M. Rho, Phys. Rev. Lett. 66, 2720 (1991).
[7] T. Hatsuda and S. H. Lee, Phys. Rev. C 46, R34 (1992).
[8] M. Asakawa, C. M. Ko, P. Levai and X. J. Qiu, Phys. Rev. C 46, R1159 (1992).
[9] K. G. Boreskov, J. H. Koch, L. A. Kondratyuk, M. I. Krivoruchenko, Yad. Fiz. 59,
(1996) 1908 [Phys. Atom. Nucl. 59, 1844 (1996).
[10] Ye. S. Golubeva, L. A. Kondratyuk and W. Cassing, Nucl. Phys. A 625, 832 (1997).
[11] B. Kundu and B. K. Jain, Pramana 56, 723 (2001).
[12] M. Effenberger, E. L. Bratkovskaya, and U. Mosel, Phys. Rev. C 60, 044614 (1999);
[13] Th. Weidmann, E. L. Bratkovskaya, W. Cassing and U. Mosel, Phys. Rev. C 59,
919 (1999); M. Effenberger, E. L. Bratkovskaya, W. Cassing and U. Mosel, Phys.
Rev. C 60, 027601 (1999).
[14] D. Cabrera, L. Roca, E. Oset, H. Toki and M. J. Vicente Vacas, Nucl. Phys. A 733,
130 (2004); V. K. Magas, L. Roca and E. Oset, Phys. Rev. C 71, 065202 (2005).
[15] M. Naruki et al., Phys. Rev. Lett. 96, 092301 (2006); R. Muto et al., (KEK-PS
E325 Collaboration), Phys. Rev. Lett. 98, 042501 (2007).
[16] G. M. Huber et al., Phys. Rev. C 68, 065202 (2003).
7
[17] M. Kotulla et al., (CBELSA/TAPS Collaboration), Phys. Rev. Lett. 100, 192302
(2008); M. H. Wood et al., (CLAS Collaboration), Phys. Rev. Lett. 105, 112301
(2010); A. Polyanskiy et al., Phys. Lett. B 695, 74 (2011); M. Hartmann et al.,
Phys. Rev. C 85, 035206 (2012).
[18] M. Thiel et al., Eur. Phys. J. A 49, 132 (2013).
[19] R. Nasseripour et al., (CLAS Collaboration), Phys. Rev. Lett. 99, 262302 (2007);
M. H. Wood et al., (CLAS Collaboration), Phys. Rev. C 78, 015201 (2008).
[20] V. Metag, Pramana, 75, 195 (2010).
[21] Swapan Das, Eur. Phys. J. A 49, 123 (2013).
[22] W. Cassing and E. L. Bratkovskaya, Phys. Rep. 308, 157 (1999).
[23] A. Pautz and G. Shaw, Phys. Rev. C 57, 2648 (1998).
[24] C. W. De Jager, H. De. Vries and C. De. Vries, At. Data Nucl. Data Tables, 14,
479 (1974).
[25] G. R. Satchler, Introduction to Nuclear Reaction (The Macmillian Press Ltd., Lon-
don, 1980) p. 95.
[26] F. Riek, R. Rapp, Y. Oh and T.-S.H. Lee, Phys. Rev. C 82, 015202 (2010).
[27] V. L. Eletsky and B. L. Ioffe, Phys. Rev. Lett. 78, 1010 (1997).
[28] L. A. Kondratyuk, A. Sibirtsev, W. Cassing, Ye. S. Golubeva and M.Effenberger,
Phys. Rev. C 58, 1078 (1998).
8
Figure Captions
1. (color online). The calculated ρmeson mass distribution spectra due to its potentials
extracted from its mass-shift ∆m and collision broadening ∆Γ (see text).
2. (color online). Broadening, but essentially negligible peak-shift, in the ρ meson mass
distribution spectra occurring due to its potential VOρ. The dashed curve is divided
by 1.29 for 12C; 1.3 for 56Fe and 1.35 for 208Pb.
3. (color online). Enhancement in the ρ meson width with the size of the nucleus.
The shift of its mass towards the lower value in the heavier nucleus is insignificant.
The short-long-short and dot-dash curves are divided by the factors 3.46 and 4.44
respectively.
4. (color online). The calculated results (solid curve) compared with the data taken
from Ref. [19].
5. (color online). The sensitivity of the ρ meson mass distribution spectra to its in-
medium widths given in Eqs. (9) and (10). The short-long-short dash curve is
obtained because of Eq. (9) for Γ∗(r) where as the solid curve arises due to Γ∗(r)
given in Eq. (10). The previous is multiplied by 1.04.
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Figure 1: (color online). The calculated ρ meson mass distribution spectra due to its
potentials extracted from its mass-shift ∆m and collision broadening ∆Γ (see text).
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Figure 2: (color online). Broadening, but essentially negligible peak-shift, in the ρ meson
mass distribution spectra occurring due to its potential VOρ. The dashed curve is divided
by 1.29 for 12C; 1.3 for 56Fe and 1.35 for 208Pb.
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Figure 3: (color online). Enhancement in the ρ meson width with the size of the nucleus.
The shift of its mass towards the lower value in the heavier nucleus is insignificant. The
short-long-short and dot-dash curves are divided by the factors 3.46 and 4.44 respectively.
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Figure 4: (color online). The calculated results (solid curve) compared with the data
taken from Ref. [19].
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Figure 5: (color online). The sensitivity of the ρ meson mass distribution spectra to its
in-medium widths given in Eqs. (9) and (10). The short-long-short dash curve is obtained
because of Eq. (9) for Γ∗(r) where as the solid curve arises due to Γ∗(r) given in Eq. (10).
The previous is multiplied by 1.04.
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